Landing mission concepts that are being developed for exploration of solar system bodies are increasingly ambitious in their implementations and objectives. Most of these missions require accurate position and velocity data during their descent phase in order to ensure safe, soft landing at the pre-designated sites. Data from the vehicle's Inertial Measurement Unit will not be sufficient due to significant drift error after extended travel time in space. Therefore, an onboard sensor is required to provide the necessary data for landing in the GPS-deprived environment of space. For this reason, NASA Langley Research Center has been developing an advanced Doppler lidar sensor capable of providing accurate and reliable data suitable for operation in the highly constrained environment of space. The Doppler lidar transmits three laser beams in different directions toward the ground. The signal from each beam provides the platform velocity and range to the ground along the laser line-of-sight (LOS). The six LOS measurements are then combined in order to determine the three components of the vehicle velocity vector, and to accurately measure altitude and attitude angles relative to the local ground. These measurements are used by an autonomous Guidance, Navigation, and Control system to accurately navigate the vehicle from a few kilometers above the ground to the designated location and to execute a gentle touchdown. A prototype version of our lidar sensor has been completed for a closed-loop demonstration onboard a rocket-powered terrestrial free-flyer vehicle.
INTRODUCTION
Future robotic and manned exploration missions to the Moon, Mars, and other planetary bodies demand accurate knowledge of ground relative velocity and altitude in order to ensure soft landing at the designated landing site 1,2 . Some missions may even require landing within a few meters of pre-deployed assets or landing in a small area surrounded by rocks, craters, or steep slopes [3] [4] [5] . To meet these requirements, a Doppler lidar is being developed by NASA under the Autonomous Landing and Hazard Avoidance Technology (ALHAT) project 5, 6 . The Doppler lidar will begin its operation during the powered descent phase of a landing from an altitude of a few kilometers above the ground. The Guidance, Navigation, and Control (GN&C) system processes the lidar data to improve the vehicle position data from the Inertial Measurement Unit (IMU) that after long travel time from Earth are grossly inaccurate by hundreds of meters. The improved position knowledge along with the lidar precision vector velocity data enables the GN&C system to continuously update the vehicle trajectory toward the landing site. In addition to the precision trajectory determination, the lidar data will play an important role in performing a soft landing maneuver. For example, large robotic or manned vehicles must control their horizontal and vertical velocities to better than 1 m/s in order to avoid the risk of tipping over and to ensure a gentle touchdown. Control to these limits will require measurement accuracies to better than 0.5 m/s. Our Doppler lidar exceeds these requirements by about two orders of magnitude.
The Doppler lidar transmits three laser beams which are separated 120 degrees from each other in azimuth and are pointed 22.5 degrees from nadir. The signal from each beam provides the platform velocity and range to the ground along the laser line-of-sight (LOS). The LOS velocity and range precisions of the lidar have been measured to be approximately 3 mm/sec and 17 cm respectively. The six LOS measurements are then used to derive the three components of the vehicle velocity vector, and its altitude and attitude relative to the ground below.
Past landing missions, including Surveyor, Apollo, Viking, Phoenix, and Mars Science Laboratory 7, 8 , relied on radar technology for the altitude and velocity data. Doppler lidar offers major benefits including lower mass and smaller size, higher precision and data rate, and much lower false alarm rates. The Doppler lidar can also benefit terrestrial applications such as aircraft navigation without reliance on external satellite signals and landing on moving platforms 
